The death of yeast treated with hydrogen peroxide (H 2 O 2 ) shares a number of morphological and biochemical features with mammalian apoptosis. In this study, we report that the permeability of yeast nuclear envelopes (NE) increased during H 2 O 2 -induced cell death. Similar phenomena have been observed during apoptosis in mammalian tissue culture cells. Increased NE permeability in yeast was temporally correlated with an increase in the production of reactive-oxygen species (ROS). Later, after ROS levels began to decline and viability was lost, specific nuclear pore complex (NPC) proteins (nucleoporins) were degraded. Although caspases are responsible for the degradation of mammalian nucleoporins during apoptosis, the deletion of the metacaspase gene YCA1 had no effect on the stability of yeast nucleoporins. Instead, Pep4p, a vacuolar cathepsin D homolog, was responsible for the proteolysis of nucleoporins. Coincident with nucleoporin degradation, a Pep4p-EGFP reporter migrated out of the vacuole in H 2 O 2 -treated cells. We conclude that increases in ROS and NPC permeability occur relatively early during H 2 O 2 -induced cell death. Later, Pep4p migrates out of vacuoles and degrades nucleoporins after the cells are effectively dead.
Introduction
Yeast can die by apoptosis-like processes that share biochemical and morphological features with mammalian apoptosis, including accumulation of reactiveoxygen species (ROS), exposure of phosphatidylserine on the cell surface, leakage of cytochrome c from mitochondria, histone H2B phosphorylation, and DNA fragmentation [1] [2] [3] [4] [5] [6] [7] . Apoptosis-like cell death in yeast can be induced by a variety of environmental cues, including low concentrations of hydrogen peroxide (H 2 O 2 ), acetic acid, and other toxic compounds [reviewed in [6] ]. At higher concentrations most of these compounds cause disorganized necrotic death that occurs independent of pro-apoptotic genes. Yeast apoptosis is promoted by genes that are homologous to mammalian pro-apoptotic genes, including a caspase-like protease (YCA1) [8] , apoptosis-inducing factor (AIF1) [9] , and HTRA1/Omi (NMA111) [5] .
One hallmark of apoptosis is the increased permeability of organellar membranes. The prototypical example of this is the central role of the mitochondria in apoptotic signaling [reviewed in [10, 11] ]. During most forms of apoptosis the outer mitochondrial membrane becomes permeable, allowing the release of proteins such as cytochrome c into the cytosol. Permeability of lysosomal membranes also plays important roles in some apoptosis models [reviewed in [12] ]. Lysosomes become partially permeable at early stages of apoptosis induced by oxidative stress and other signals, resulting in leakage of lysosomal proteases into the cytosol [12] [13] [14] [15] [16] . Furthermore, inhibition of the lysosomal aspartic protease cathepsin D with pepstatin A blocked Bax activation and mitochondrial release of AIF in primary T-lymphocytes [15] , and cytochrome c release and caspase activation in apoptotic human fibroblasts [16] . Finally, permeability of the nuclear pore complexes (NPCs), which regulate transport across the nuclear envelope, increases in certain apoptosis models [17] [18] [19] [20] . The normal role of the NPC in the facilitated transport of proteins and RNAs is also severely affected during apoptosis [17, 21, 22] . A subset of NPC proteins, called nucleoporins, are cleaved by caspases during apoptosis [18, [20] [21] [22] [23] [24] [25] .
In this study, we report that the permeability of yeast nuclear envelope (NE) increases during H 2 O 2 -induced cell death. This phenomenon is analogous to increases in NPC permeability observed during apoptosis in mammalian tissue culture cells [17] [18] [19] . A number of yeast nucleoporins are degraded during H 2 O 2 -induced cell death, but this occurs late, after significant increases in NE permeability were measured. The vacuolar endopeptidase Pep4p, the yeast cathepsin D homolog, is responsible for the proteolysis of nucleoporins. Autophagic processes that might target NPCs to the vacuole lumen are not involved in the proteolysis of nucleoporins. Instead, Pep4p migrates out of the vacuole into the cytosol where it presumably attacks the NPC at the nuclear envelope. Since pep4D cells are not significantly more resistant to H 2 O 2 , the Pep4p-dependent degradation of nucleoporins and other extra-vacuolar proteins probably occurs after the cells are effectively dead.
Materials and methods

Yeast strains and plasmids
Experiments in wild-type (wt) cells were carried out in the BY4741 (MATa his3D1 leu2D0 met15D0 ura3D0) background obtained from Euroscarf, Frankfurt, Germany, unless otherwise noted. Mutant BY4741 strains and their accession numbers, obtained from Euroscarf, were: yca1::kanMX4(Y02453), pep4::kanMX4(Y02098), pai3::kanMX4(Y00759), nvj1::kanMX4(Y02889), atg7:: kanMX4(Y07090), prb1::kanMX4(Y00302), prc1::kan-MX4(Y00885), cps1::kanMX4(Y01253), ape3::kanM-X4(Y05734), dap2::kanMX4(Y00991), and lap4::kanMX4-(Y04953).
For independent disruption of PEP4 in BY4741 the wt PEP4 gene was replaced by a kanamycin-resistant marker cassette as previously described [26, 27] . To create the pep4Dyca1D double-knockout strain, the PEP4 gene was replaced by URA3 in the BY4741 yca1::kanM-X4(Y02453) strain by transforming cells with a PCR fragment created by amplifying URA3 by PCR with primers containing homology to the PEP4 5 0 and 3 0 regions. (5 0 primer = agcctagtgacctagtatttaatccaaataaaattcaaacaaaaaccaaaactaacatgtcgaaagctacat ataaggaacg, 3 0 primer = tacttataaaagctctctagatggcagaaaaggatagggcggagaagtaagaaaagtttagcttagttttgc tgg ccgcatcttctc).
PEP4 and PEP4-EGFP expression vectors
The PEP4 cDNA was cloned into BamHI and EcoRI sites in the p416 TEF [28] expression vector by PCR amplifying the PEP4 cDNA to include a 5 0 BamHI restriction site (forward primer = cgcggatccatgttcagcttgaaagcattattgcc) and a 3 0 EcoRI restriction site (reverse primer = cgcgaattctcaaattgctttggccaaaccaaccg). To make a Pep4p-EGFP fusion protein the PEP4 cDNA without the stop codon was PCR-amplified with a 5 0 BamHI (forward primer same as above) and a 3 0 EcoRI site (reverse primer = cgcgaattcaatgctttggccaaaccaaccg) and cloned into the pRS316 MC-EGFP vector (N. Shulga, unpublished vector pNS198). The PEP4-EGFP was subsequently cut out of pRS316 MC-EGFP with BamHI and XhoI and subcloned into BamHI, XhoI sites in the p416ADH expression vector [28] .
Confocal microscopy
Confocal microscopy was performed on a Leica TCS NT microscope (Carl Zeiss, Thornwood, NY) equipped with UV, Ar, Kr/Ar, and He/Ne lasers. Digital images were processed using Adobe PhotoShop 5.0 (Adobe Systems, Inc., San José, CA).
NPC permeability assay
BY4741 and BY4742 wt and pep4D strains were transformed with plasmids expressing NES-GFP reporters of different molecular mass as described in Shulga et al. [31] . Cultures were grown at 30°C to early logarithmic phase in Synthetic Complete medium + 2% glucose lacking uracil (SC-Ura) [29] with rotation. To induce reporter protein expression, cells were incubated in SC lacking uracil and methionine (SC-Ura-Met) for 2 h at 30°C. To induce cell death, cultures were divided into equal portions and hydrogen peroxide (Mallinckrodt, St. Louis, MO) was added to each aliquot to a final concentration of 1.0 or 3.0 mM. Incubation was continued at the same conditions as before. Samples of cells were taken after 1 and 3 h incubation with H 2 O 2 and confocal fluorescence microscopy was performed to analyze localization of the reporters. In experiments using BY4741, recovery of the cells for 30 min in the methionine-containing medium after reporter induction and before treatment with H 2 O 2 was helpful to reduce the amount of dead cells.
Nucleoporin degradation
For all experiments cultures were started from cells freshly streaked on SCD plates (2-3 d at 30°C) from 30% glycerol stocks stored at À80°C. To assay degradation of nucleoporins, wt or mutant BY4741 strains were grown overnight at 30°C with shaking in 60 ml of Synthetic Complete medium + 2% glucose (SCD) [29] in 250-ml flasks to an OD 600 $ 0.02-0.05. At time zero 10 ml of culture was removed, spun down, washed with 1 ml double distilled water and the cell pellet was stored at À80°C. H 2 O 2 was added to the remaining 49 ml (1 ml removed for OD determination) to a final concentration of 0.75, 1.0 or 3.0 mM and the cultures were returned to 30°C with shaking. At time = 3, 6, 9, and 12 h the OD of the culture was determined to ensure absence of growth, and 10 ml of culture was removed, spun down, washed with 1 ml ddH 2 O and the cell pellet was stored at À80°C. For rescue experiments with p416TEF PEP4 or p416ADH PEP4-EGFP cells were handled identically except they were grown in SC-Ura + 2% glucose. To assay degradation of Protein A (PrA)-tagged nucleoporins, strains containing genomic copies of PrA-tagged nucleoporin genes [30] were grown overnight at 30°C with rotation in 22 ml of SCD to an OD 600 $ 0.02-0.05. At time = 0, 3, 6, and 9 h, 5 ml of culture was removed and prepared as above.
Protein extraction and Western blotting
Protein extracts were prepared by lysing cells in 0.25 M NaOH, 1% b-mercaptoethanol for 10 min on ice, followed by trichloroacetic acid precipitation. Pellets were washed twice with acetone, dried, and resuspended in 225 ll of cracking buffer (8 M urea, 5% SDS, 5% bmercaptoethanol) and incubated for $45 min at 75-85°C. Resuspended extracts were separated into 45-ll aliquots and stored at À80°C. To assay protein levels 10 ll of sample was separated by SDS-PAGE on 8% polyacrylamide gels and transferred onto 0.45-mm Immobilon-P membranes (Millipore, Bedford, MA). The Fermentas Prestained Protein Ladder, $10-180 kDa size marker (Fermentas, Hanover, MD) was used as a size marker. Blots were subsequently probed with primary antibodies to Nup1p, Nsp1p, Pom152p, Nup159p, Nup100p, a-tubulin (Tub1p) (Harlan Sera Lab Ltd., Loughborough, England), 3-phospho-glycerate kinase (Pgk1p) (Molecular Probes, Eugene, OR), Nip7p, Nab2p, Vac8p or BD Living Colors Av peptide (anti-GFP) (BD Biosciences, Clonetech, Mountain View, CA) primary antibodies, followed by horseradish peroxidase-coupled goat anti-rabbit, mouse or rat secondary antibodies or goat anti-rabbit alkaline phosphatase secondary antibodies (Santa Cruz Biotechnology, Santa Cruz, CA). Horseradish peroxidase activity was monitored by chemiluminescence by immunoblot with Luminol reagent (Santa Cruz Biotechnology). The average pixel intensity of individual protein bands was quantified from a digital scan using NIH Image 1.62. To determine % of protein remaining, the intensity of the band at 3, 6, 9 or 12 h was divided by the intensity of the band at zero time and multiplied by 100.
FACS analysis
To assay ROS staining in wt or pep4D BY4741 cells, cultures were grown overnight at 30°C in 10-15 ml of SCD with rotation to an OD 600 = 0.02-0.07. Cultures were split into three -2 ml aliquots and H 2 O 2 was added to 0, 0.75, 1.0, 3.0 or 30.0 mM and cultures were returned to 30°C with rotation for 1.5, 4.5 or 7.5 h. 2 0 ,7 0 -Dichlorodihydrofluorescein diacetate (H 2 DCFDA) (Molecular Probes) was added to a final concentration of 10 lM and cultures were returned to 30°C with rotation for another 1.5 h (3, 6 or 9 h total). Subsequently, 1 ml of culture was centrifuged at 19,000g for 1 min and resuspended in 1 ml of 50 mM sodium citrate + 1 lg ml À1 of propidium iodide (PI) (Molecular Probes). FACS analysis was performed using a Coulter (Fullerton, CA, USA) EPICS Elite ESP flow cytometer. The laser excitation was 488 nm with 15 mW power provided by an argon laser. Signals collected were forward light scattering, side light scattering, and green fluorescence (gated by a 525 ± 20 nm band pass filter). The results were analyzed by the Elite software.
Localization of Pep4p-EGFP in H 2 O 2 -treated cells
BY4741 wt cells carrying the p416ADH PEP4-EGFP plasmid were grown overnight in 60 ml SCUra + 2% glucose at 30°C with shaking to an OD 600 = 0.07. At time zero 1.5 ml of culture was removed and examined by confocal microscopy. H 2 O 2 was added to the remaining culture to a final concentration of 3.0 mM. At time = 3, 6 and 9 h, 1.5 ml of culture was removed, washed with 1 ml SCUra + 2% glucose, resuspended in 20 ll SC-Ura + 2% glucose and examined by confocal microscopy. In separate experiments vacuoles from BY4741 wt cells carrying the p416ADH PEP4-EGFP vector were co-stained with N-[3-triethylammoniumpropyl]-4-[p-diethylaminophenylhextrienyl] pyridinium dibromide (FM4-64) (Molecular Probes) as described in Pan et al. [38] (data not shown).
2.8. Oxidative stress resistance assays 2.8.1. Liquid culture assay BY4741 wt and mutant cultures were grown overnight in 10 ml of SCD at 30°C with rotation to an OD 600 $ 0.05. At time zero, 100 ll of culture was removed and serially diluted to 1:1000 in ddH 2 O. Of the 1:1000 dilution, 100 ll was plated on a YPD plate three times. The original starting culture was separated into three -2 ml cultures and H 2 O 2 was added to 0.5, 0.75, 1.0 or 3.0 mM as indicated. At time = 0.5, 1, 2, 3 and 4 h, 100 ll of culture was removed and serially diluted to 1:1000 in ddH 2 O. Of the 1:1000 dilution, 100 ll was plated on a YPD plate three times. The plates were allowed to grow colonies for 3-5 d at 30°C. The number of colonies on each plate was determined and the % viability was calculated by dividing the number of colonies on the three plates at time = 0.5, 1, 2, 3 or 4 h by the number of colonies on the three plates at zero time, and multiplying by 100. Experiments were repeated in triplicate.
H 2 O 2 plating assay
Freshly streaked BY4741 wt and mutant cultures were grown overnight in 10 ml of SCD in a rotator at 30°C to an OD 600 $ 0.05. The cells were serially diluted to 1:1000 in ddH 2 O and 200 ll of the 1:1000 dilution was plated on three SCD and SCD plates containing 0.3, 0.4, 0.5, 0.6 or 0.7 mM H 2 O 2 . The plates were allowed to grow colonies for 3-5 d at 30°C. The number of colonies on each plate was determined and the % viability was calculated by dividing the number of colonies on the three plates containing 0.3, 0.4, 0.5, 0.6 or 0.7 mM H 2 O 2 by the number of colonies on the three SCD plates, and multiplying by 100. Experiments were repeated in triplicate.
Bioscreen assay
To assay the growth of BY4741 wt cells when treated with H 2 O 2 , wt cells were grown overnight to an OD 600 = 0.02 in 15 ml SCD at 30°C. The culture was split into eight 1.5-ml aliquots and H 2 O 2 was added to 0, 0.2, 0.4, 0.6, 0.8, 1.0, 2.0 or 3.0 mM. Of each culture, 350 ll was added separately to three wells in a 100-well microtiter plate. Cultures were grown in a Microbiology Reader Bioscreen C analyzer (MTX Lab Systems, Vienna, VA, USA) at 30°C with on/off shaking (1 min/ 1 min) on the extra-intensive setting. OD 600 readings were taken every 5 min.
To compare the growth of BY4741 wt and pep4D strains, cultures were grown overnight to an OD 600 between 0.05 and 0.1 in 10 ml SCD at 30°C. Cultures were diluted back to OD 600 = 0.02 and grown for 3 h at 30°C to an OD 600 between 0.07 and 0.08. Cultures were diluted back to OD 600 = 0.01, split into five 1-ml aliquots and H 2 O 2 was added to 0, 0.5, 0.75, 1.0, or 3.0 mM. Of each culture 350 ll was added separately to two wells in a 100-well microtiter plate. Cultures were grown in a Microbiology Reader Bioscreen C analyzer as above except that OD 600 readings were taken every 20 min. 
Preparation of whole cell extracts
After 3.5 h from apoptosis induction, HeLa cell cultures were placed on ice and protease inhibitors (Complete Mix, Roche, Mannheim, Germany) and DTT (1 mM) added directly to the growth media. The cells were then gently scraped off the dish with a rubber policeman, washed in ice-cold PBS, resuspended in 95°C lysis buffer (50 mM Tris/HCl, pH 8.0, 0.5% SDS, 1 mM DTT), and heated at 95°C for 10 min. Cell debris was removed by centrifugation at 20,000g for 10 min.
Quantification of apoptosis by scoring condensed nuclei
HeLa cell cultures were stained with a mixture of the membrane-permeable DNA dye H-33342 (500 ng ml À1 ; Molecular Probes) and the membraneimpermeable DNA dye SYTOX (500 nM; Molecular Probes). Cells with intact plasma membrane and characteristically condensed or fragmented nuclei were scored as apoptotic.
SDS gel electrophoresis and immunoblotting
Proteins were separated by SDS-PAGE and blotted onto nitrocellullose using a wetblot chamber (TransBlot Cell, Biorad, Hercules, CA, USA) and filters then incubated in TNT buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 0.05% Tween 20) with 5% milk-powder at room temperature for 1 h. Incubation with primary antibodies at 4°C was in TNT-milk overnight. Filter washings were in TNT alone. Incubations with HRPcoupled secondary antibodies were in TNT-milk at room temperature for 1 h. The filter strip with the biotinylated molecular-weight marker (Bio-Rad) was incubated separately with HRP-coupled avidin for 30 min at room temperature. Immunoblots were visualized with a chemiluminescent image analyser (LAS-1000, Fujifilm Co., Stamford, CT, USA).
Results
H 2 O 2 -induced cell death in yeast
The effects of H 2 O 2 on cell viability were characterized prior to investigating the effects of oxidative stress on the NPC. Treatment of yeast cells with H 2 O 2 resulted in a dose-dependent loss of viability, defined here as the inability of a cell to produce a colony on nonselective agar medium ( Fig. 1(a) ). Although greater than 98% of cells lost viability within 3 h in 1.0 mM H 2 O 2 , some cells were able to grow and these eventually repopulated the liquid culture ( Fig. 1(b) ). Exposure to H 2 O 2 concentrations of 2.0 mM or higher caused all the cells in the culture to lose viability. H 2 O 2 induces an apoptosis-like cell death at lower concentrations and a necrotic-like cell death at higher concentrations [3] . Necrotic cell death presumably occurs when the toxic chemical effects of high concentrations of H 2 O 2 overwhelm and kill the cell. One measure of cell death is PI staining, which stains cells whose plasma membranes are permeable. Cells that stain with PI are considered to be ''dead'', a condition relatively more advanced than inviable (see below). (Fig. 1(a) ) showed that these unstained cells were inviable. In 30.0 mM H 2 O 2 , cell death (PI staining) occurred much earlier and superceded ROS production in most of the cells (Fig. 2(b) ). Here, there was no transient accumulation of non-ROS-stained cells before the appearance of PI staining. Based on plating assays similar to those shown in Fig. 1(a) , it is clear that the bulk of cells treated with 1.0 or 3.0 mM H 2 O 2 had lost viability by 3 h, before a significant percentage of them began to stain with PI. We conclude that cells treated with lower concentrations of H 2 O 2 (up to 3.0 mM) proceed through three phases leading to dissolution: first, ROS staining and loss of viability; second, loss of ROS staining; and third, PI staining, which we arbitrarily associate with cell death. At these concentrations of H 2 O 2 the majority of cells rapidly lost the capacity to form colonies, however, a small fraction of cells survived and ultimately grew to repopulate the liquid culture.
The permeability barrier of the nuclear envelope is increased in H 2 O 2 -treated cells
The permeability of NPCs to diffusible reporter proteins increases in apoptotic mammalian tissue culture cells [17] [18] [19] [20] [21] . We wished to determine whether the same phenomenon occurred during H 2 O 2 -induced cell death in yeast. The relative permeabilities of yeast NEs under various conditions and genetic backgrounds can be determined in vivo using sized GFP-nuclear export signal (NES) reporters [31] . NES-GFP reporters larger than 40 kDa are efficiently exported from wild-type (wt) nuclei and remain compartmentalized in the cytosol even in the presence of metabolic poisons or conditions which inhibit active nuclear transport but not passive equilibration. Under these conditions very small NES-GFP reporters can equilibrate across wt NEs. Strains lacking certain nucleoporins are more permeable to larger reporters. For example, a 126-kDa NES-GFP reporter diffuses freely across the NPCs of nup170D cells [31] .
As shown in Fig. 3 , cells treated for 1 h with 1.0 or 3.0 mM H 2 O 2 exhibited marked increases in NE permeability. The degree of the permeability increase varied in proportion to H 2 O 2 concentration and incubation time. Gradual increases in permeability as a function of time in higher H 2 O 2 concentrations and longer exposures are consistent with either a single event occurring stochastically in different NPCs, or multiple sequential events occurring in either a coordinated or stochastic fashion. Western-blot analysis with anti-GFP antibodies demonstrated that the NES-GFP reporters were stable and were not cleaved into smaller forms during these experiments (not shown).
Nucleoporins are degraded in H 2 O 2 -treated cells
The increased permeability of NPCs in apoptotic mammalian tissue culture cells may or may not correlate with the caspase-catalyzed cleavage of certain nucleoporins [reviewed in [20] ]. We examined the integrity of individual nucleoporins in extracts from wt yeast cells treated with 3.0 mM H 2 O 2 for 3, 6, 9 and 12 h by Western blotting with anti-nucleoporin antisera. We first examined Nup1p, Nup159p and Nsp1p, since these are the yeast homologs of the mammalian nucleoporins (mNup153, mNup214 and mNup62) that are cleaved during apoptosis [18, [20] [21] [22] [23] [24] . We also examined the membrane-associated nucleoporin Pom152p, since the unrelated mammalian membrane-associated nucleoporin, mPom121, is cleaved during apoptosis [21, 24, 25] . In addition, we examined the stability of two core nucleoporins, Nup100p and Nup116p [30] . All of these nucleoporins were degraded in yeast cells treated with 3.0 mM H 2 O 2 , with the peripheral nucleoporins, Nup1p and Nup159p, being degraded earlier than the core nucleoporins, Nsp1p, Nup100p, and Nup116p (Fig. 4(a) and (b) ). The degradation of most nucleoporins was apparent by 6 h in 3.0 mM H 2 O 2 and was not associated with a specific cleavage event that we could detect. Pom152p does appear to be specifically cleaved since a smaller anti-Pom152p cross-reactive band was observed around 6-9 h in 3.0 mM H 2 O 2 ( Fig. 4(a) ). Proteolysis of Nup1p and Pom152p occurred at later times and to a lesser extent in cells treated with 0.75 and 1.0 mM H 2 O 2 (Fig. 4(c) ).
The patterns and intensities of Coomassie bluestained proteins from extracts isolated after 6 h in H 2 O 2 was, for the most part, indistinguishable from extracts from untreated cells (Fig. 4(a) and (c) ). Thus, the bulk of abundant proteins that appear as strong bands on Coomassie-stained gels are not degraded at times when significant degradation of specific nucleoporins was observed. Some loss of Coomassie-stained bands, presumably due to general proteolysis, became apparent between 9 and 12 h. To further investigate the selectivity of nucleoporin degradation, we assayed the stability of several low-and high-abundance proteins using specific antisera. The abundant proteins Tub1p and 3-phosphoglycerate kinase (Pgk1p), as well as the lower-abundance proteins Nip7p and Vac8p (not shown), were relatively stable after 9 h in 3.0 mM H 2 O 2 ( Fig. 4(b) ). Antibodies against the RNA-binding protein Nab2p reacted with a faster migrating cross-reactive band that accumulated by 3 h after addition of 3.0 mM H 2 O 2 . Both Nab2p cross-reactive bands were degraded with kinetics similar to those of the nucleoporins (Fig. 4(a) and (b) ). We con- clude that certain nucleoporins are degraded sooner than many other cellular proteins, but the effect is only quantitative, since general proteolysis is associated with later stages of cell death and dissolution.
We further investigated the stability of nucleoporins in cells treated with H 2 O 2 , in order to test the hypothesis that the increases in NE permeability we observed after 1 h in H 2 O 2 were due to the selective cleavage of nucleoporins. Since Nup1p, Nup159p, Nsp1p, Pom152p, Nup100p or Nup116p showed little to no degradation after 3 h, their later degradation is unlikely to be the primary cause of the observed permeability increases. To search for nucleoporins that might be degraded at earlier times we analyzed the proteolysis of a set of chromosomally tagged nucleoporin-Protein A (PrA) fusions [30] . Nup85p-, Nup84p-, Nup53p-, and Seh1p-PrA were degraded in 3.0 mM H 2 O 2 , but not earlier than Nup1p. Furthermore, we found that Nic96p-, Nup170p-and Nup188p-PrA showed minimal degradation in 3.0 mM H 2 O 2 after 9 h (data not shown). This is noteworthy since the loss of Nup170p and Nup188p causes dramatic increases in NPC permeability [31] . These results indicate that increases in NE permeability occur before the degradation of nucleoporins.
Nucleoporin proteolysis is YCA1-independent
YCA1 encodes a caspase-like protein that is implicated in apoptosis [8] . Since caspases degrade mammalian nucleoporins during apoptosis, we investigated whether Yca1p is responsible for the proteolysis of yeast nucleoporins in the presence of H 2 O 2 . The stability of Nup1p and Pom152p in YCA1 and yca1D cells treated with 3.0 mM H 2 O 2 for 3, 6, 9 and 12 h was identical ( Fig. 5(a) ). Therefore, Yca1p is not required for the degradation of nucleoporins during H 2 O 2 -induced cell death.
Nucleoporin proteolysis is dependent on the cathepsin D homolog PEP4
Cathepsin D is a lysosomal aspartic protease that is known to mediate cell death processes in tissue culture cells [12] . PEP4 encodes a vacuolar aspartic endopeptidase that is homologous to vertebrate cathepsin D [32] . Thus, we tested whether Pep4p was required for nucleoporin proteolysis in H 2 O 2 -treated cells. Compared to wt, Nup1p was significantly more stable and Pom152p cleavage was absent in pep4D cells treated with 3.0 mM H 2 O 2 ( Fig. 5(a) ). Nup159p and Nsp1p were also stable in pep4D cells, as were both forms of the RNAbinding protein Nab2p (data not shown). Reintroduction of PEP4 on a plasmid restored the sensitivity of Nup1p and Pom152p to proteolysis in H 2 O 2 ( Fig. 5(b) ). Nup1p proteolysis appeared identical in pep4D mutant cells and yca1Dpep4D double mutant cells, demonstrating that the residual proteolysis of nucleoporins in pep4D mutant cells was not due to Yca1p activity (Fig. 5(a) ).
Pep4p is required for the proteolytic processing and activation of several vacuolar proteases, including another endopeptidase Prb1p [33] . Therefore, it is possible that the loss of Pep4p prevents the activation of one or more other vacuolar proteases that are themselves directly responsible for the degradation of nucleoporins during H 2 O 2 -induced cell death. We analyzed the proteolysis of Nup1p and Pom152p in strains lacking each of the known vacuolar proteases, including Prb1p, Prc1p, Cps1p, Ape3p, Dap2p, and Lap4p [33] . Only the two endopeptidases Pep4p and Prb1p appeared to be required for the proteolysis of Nup1p, while only Pep4p was required for the cleavage of Pom152p (Fig. 5(c) ). Prb1p plays a role in the proteolytic activation of Pep4p [33] . Therefore, the reduction in Nup1p proteolysis in prb1D cells could reflect lower levels of processed Pep4p or, alternatively, might reflect a direct role of Prb1p in Nup1p proteolysis.
Pai3p is a highly specific Pep4p inhibitor of unknown function that is localized in the yeast cytosol [34] . We analyzed H 2 O 2 -induced Nup1p degradation and Pom152p cleavage in cells lacking Pai3p, since its loss might increase the sensitivity of nucleoporins to Pep4p. However, Nup1p and Pom152p were proteolyzed at the same approximate rates in wt and pai3D cells (Fig. 5(a) ).
Nucleoporin degradation is not mediated by autophagy
Pep4p is normally localized in the vacuole lumen where it would not have access to nucleoporins. For this reason, we wished to determine whether nucleoporins are targeted to the vacuole for degradation, or, alternatively, whether Pep4p is released into the cytosol where it has access to nucleoporins at the nuclear envelope. Autophagy is the major pathway by which proteins are targeted to the vacuole [35] . To determine if nucleoporins are targeted to the vacuole by macroautophagy, the proteolysis of Nup1p and Pom152p was assessed in cells lacking Atg7p, a protein that is essential for macroautophagy, cytoplasm-to-vacuole targeting, and peroxisome degradation pathways [36] . Both Nup1p and Pom152p were proteolyzed in atg7D cells with the same kinetics as in wt cells, indicating that macroautophagy is not important for the degradation of nucleoporins (Fig. 6(a) ).
We also examined nucleoporin degradation in nvj1D cells. Nvj1p is required for piecemeal microautophagy of the nucleus (PMN), which degrades portions of the yeast nucleus in an ATG7-independent fashion [37] . NPCs are normally excluded from the NV junctions [38] and, therefore, are only rarely observed inside PMN structures [37] . Still, it remained a possibility that NPCs could be targeted to the vacuole by PMN during H 2 O 2 -induced cell death. However, there was no difference between the proteolysis of Nup1p and Pom152p in wt and nvj1D cells (Fig. 6(a) ). We conclude that these autophagic processes are not primarily responsible for the turnover of nucleoporins in H 2 O 2 -treated cells. 
Pep4p-EGFP is released from the vacuole of H 2 O 2 -treated cells
In apoptotic mammalian cells lysosomal proteases, including cathepsin D, are released into the cytosol [reviewed in [12] ]. We investigated whether Pep4p was released from the vacuole during H 2 O 2 -induced cell death. We created a Pep4p-EGFP reporter whose localization could be monitored by confocal microscopy. Pep4p-EGFP properly localized to the vacuole lumen of healthy cells and was able to rescue the Nup1p degradation defect in pep4D cells treated with 3.0 mM H 2 O 2 ( Fig. 6(b) and (c) ). Between 3 and 6 h after the addition of 3.0 mM H 2 O 2 the number of cells exhibiting vacuolar Pep4p-EGFP fluorescence decreased dramatically. At the same time a subset of cells exhibited faint Pep4p-EGFP fluorescence throughout the entire cell, a phenotype that was consistent with the leakage of the protein out of vacuoles (arrowheads in Fig. 6(c) ). After 6 h in 3.0 mM H 2 O 2 the diffuse non-vacuolar Pep4p-EGFP fluorescence was lost and replaced with a faint punctate staining pattern that was also observed in H 2 O 2 -treated control cells that did not express Pep4p-EGFP (data not shown). Although Pep4p-EGFP fluorescence decreased in H 2 O 2 , this was not due to proteolysis, since, by Western blot, the protein remained stable through 9 h (Fig. 6(b) ). We conclude that in H 2 O 2 -treated cells Pep4p-EGFP migrates from the vacuole lumen into the cytoplasm where it would have direct access to nucleoporins in the NE.
PEP4 does not play an important role in the H 2 O 2 -induced increase of NE permeability
Having determined that Pep4p is required for the degradation of nucleoporins during H 2 O 2 -induced cell death, we asked whether PEP4 is required for H 2 O 2 -induced increases in NE permeability. The NEs of both wt and pep4D cells became permeable to a 51-kDa NES-GFP reporter after 3 h in 1.0 mM H 2 O 2 ( Fig. 3(b) ). Therefore, Pep4p-dependent nucleoporin proteolysis, or any other activity of Pep4p, does not play an important role in the increased permeability of NEs in H 2 O 2 -treated cells.
A cathepsin D inhibitor does not block nucleoporin cleavage in apoptotic HeLa cells
Since Pep4p is involved in the degradation of nucleoporins in yeast during H 2 O 2 -induced cell death we wanted to determine if this activity is conserved in vertebrate apoptosis. Induction of apoptosis in HeLa cells with either TRAIL or staurosporine results in nucleoporin proteolysis (M. Patre et al., submitted). Cleavage of Nup96 (yNup145Cp) yielded two fragments of approximately 95 and 90 kDa, as expected (arrows in Fig. 7(a) ). Nup96 fragmentation was completely prevented by zVAD-fmk, a pan-caspase-inhibitor, indicating that nucleoporin cleavage is a caspase-mediated event. In contrast, treatment of cells with 100 lM pepstatin A, an inhibitor of cathepsin D, showed no effect on Nup96 cleavage (Fig. 7(a) ). In addition, we observed no protective effect of pepstatin A on the number of condensed (apoptotic) nuclei in either model of HeLa cell apoptosis (Fig. 7(b) ).
pep4Á cells are not protected from H 2 O 2 -induced cell death
Mammalian cathepsin D has been shown to be important for upstream events that lead to apoptosislike cell deaths. Inhibiting cathepsin D activity can significantly delay apoptotic cell death in vertebrate models of apoptosis [15, 16] . Therefore, we asked whether Pep4p might play an analogous role in H 2 O 2 -induced yeast cell The % of cells with condensed nuclei (apoptotic cells) was determined as described in Section 2 for HeLa cells untreated (Co) or preincubated with either no protease inhibitors (À), the pan-caspaseinhibitor zVAD-fmk (+zVAD), or the cathepsin D inhibitor pepstatin A (+Pep) and induced to become apoptotic with TRAIL or staurosporine.
death, possibly independent of its role in nucleoporin degradation. Increased resistance to H 2 O 2 has been observed in mutants for several pro-apoptotic genes in yeast [5, [7] [8] [9] ]. Thus, we tested whether pep4D cells were more resistant to H 2 O 2 due to a block in cell death signaling. We studied the resistance of both a commercially available pep4D mutant (''pep4D-E''), and a second deletion created in our lab (''pep4D-1A'') in the BY4741 strain. We examined both of these strains, since we had previously noted that the oxidative stress resistance of commercially available wt BY4741 cells can vary among batches (not shown). First, the viabilities of wt, pep4D-E and pep4D-1A strains following incubation in 0.5, 1.0, and 3.0 mM H 2 O 2 were virtually identical ( Fig. 8(a)) . Second, the H 2 O 2 resistance of wt and pep4D-E cells was assessed by counting the number of colonies formed after plating on media containing various concentrations of H 2 O 2 . pep4D-E cells were slightly more resistant than wt cells at lower H 2 O 2 concentrations, but were indistinguishable from wt at higher concentrations ( Fig. 8(b) ). Third, the time required for cells to re-grow in H 2 O 2 -containing liquid culture after the initial die-offs was determined (see Fig. 1(a) , Section 2). As shown in Fig. 8(c) , both pep4D-E and pep4D-1A cells began to re-grow at approximately the same time as wt control cells. The deletion of the metacaspase gene YCA1 has been shown to increase the resistance of yeast cells to H 2 O 2 [8] . In our hands, yca1D cells in the BY4741 backgrounds were only slightly more resistant (by viability plating assay) or no more resistant (by liquid growth curve assay) to H 2 O 2 than wt cells using the protocols described in Section 2 for the experiments shown in Fig. 8(b) and (c) (not shown).
It has previously been reported that mutations in yeast pro-apoptotic genes inhibit ROS generation in cells treated with H 2 O 2 [5] . Furthermore, experiments in mammalian cells have demonstrated that the activity of lysosomal enzymes can cause an increase in mitochondrially derived ROS [39] . For these reasons, we assayed the production of ROS in pep4D cells treated with 0.75, 1.0 or 3.0 mM H 2 O 2 . ROS levels after 3 h were similar in wt and pep4D cells treated with all three H 2 O 2 concentrations (Fig. 9(a) ), indicating that Pep4p does not play a role in ROS production in cells undergoing H 2 O 2 -induced cell death. The deletion of the metacaspase gene YCA1 was reported to block the production of H 2 O 2 -induced ROS [5] . We note that in our hands, yca1D cells produced ROS with kinetics similar to those of wt cells when treated with 0.75, 1.0 or 3.0 mM H 2 O 2 , when experiments were performed as described in Section 2 (not shown). Finally, we observed only slight differences in the number of PIstaining dead cells in wt and pep4D cultures treated with 1.0 or 3.0 mM H 2 O 2 for 6 or 9 h (Fig. 9(b) ). Taken together, these results indicate that Pep4p does not play an important role in either early or late stages of H 2 O 2 -induced cell death.
Discussion
We have investigated the possible role of nucleoporin degradation in oxidative stress-induced yeast cell death. A key finding here is that the permeability of the yeast NE increases within the first hour following treatment with H 2 O 2 . Increased NE permeability -almost certainly due to a disruption of the NPC permeability barrier -is temporally coincident with a marked elevation in ROS levels and, importantly, a precipitous drop in cell viability. After ROS levels peak and begin to decline, and before many cells stain with PI, many nucleoporins are degraded in a Pep4p-dependent fashion. The timing of these events suggests that the degradation of nucleoporins is not responsible either for increases in NE permeability or for the loss of viability, both of which occur before nucleoporin degradation becomes apparent.
Our results indicate that the disruption of the permeability barrier of the NPC is a conserved property of dying cells. It has been suggested that the disruption of the NPC permeability barrier during apoptosis may allow nuclear entry of pro-apoptotic factors that are normally excluded from the nucleus [17, 20] . During staurosporine-induced apoptosis, mammalian NPCs becomes increasingly permeable to diffusible reporters and the normal nucleocytoplasmic compartmentalization of key nuclear transport factors such as importin a/b and Ran breaks down [reviewed in [20] ]. Previous studies in yeast also show a redistribution of nuclear transport factors during cell death induced with 30.0 mM H 2 O 2 [40] . Here, we show that 1.0 mM H 2 O 2 increased the permeability of yeast NE to diffusible reporters. While it is formally possible that the increased permeability of the NE in dying cells is the result of an increase in the permeability of both the outer and inner nuclear envelope membranes rather than of changes in the NPC directly, we think this unlikely. Previously, insults have been described that lead to increases in NPC permeability. For example, treating yeast and mammalian cells with organic alcohols or deleting the structural yeast nucleoporins Nup170p or Nup188p increases NPC permeability [31, 41, 42] . The permeability barrier of the yeast NPC is a surprisingly robust property since the deletion of most nonessential nucleoporins and up to $50% of the total FG repeat-containing domains had no significant affect on permeability [31, 43] . Thus, the increased permeability of NPCs in H 2 O 2 -treated cells is likely due to significant structural modifications.
It is possible that cleavage of key nucleoporins could cause increased permeability of the NE, since the deletion of single yeast nucleoporin genes, either NUP170 or NUP188, led to significant increases in NPC permeability [31] . However, we observe that the proteolysis of nucleoporins during H 2 O 2 -induced death occurred after earlier increases in NE permeability. Instead the early increase in NE permeability following oxidative stress may be due to the nonproteolytic disruption of the permeability barrier of the NPC, which, we have shown, is sensitive to environmental influences that alter the configuration of nucleoporins that control channel gating [42] . In mammalian cells a direct link between nucleoporin cleavage and NPC permeability has not been demonstrated. One report suggested that the increased permeability is mediated by caspase 9 [17] . However, another study demonstrated that cleavage of nucleoporins by caspases occurred after NPC permeability increases, and caspase inhibitors failed to block increased NPC permeability [18] . It will be interesting to learn the molecular basis for the increased permeability of NEs in H 2 O 2 -treated cells, since this phenomenon could provide important clues about the poorly understood mechanism of channel gating.
We monitored the stability of 12 different nucleoporins during H 2 O 2 -induced cell death. Nucleoporins on both sides of the NPC and those in central positions are subject to proteolysis. NPC degradation likely begins on the exposed cytoplasmic and nucleoplasmic faces, since peripheral nucleoporins like Nup1p and Nup159p are degraded earlier than more centrally located nucleoporins. The fact that we see minimal degradation of a subset of nucleoporins (Nup188p-PrA, Nup170p-PrA, Nic96p-PrA) may reflect their physical inaccessibility to proteases. Alternatively, the unstructured FG domains found in the FG repeat-containing nucleoporins (e.g., Nup1p and Nup159p) may be intrinsically more susceptible to Pep4p mediated proteolysis [44] .
We were surprised to find that the yeast cathepsin D homolog, Pep4p, is responsible for nucleoporin degra- , pep4D cells from Euroscarf (gray barspep4D-E) and pep4D cells generated in our lab directly from the wt strain (white bars -pep4D-1A) were treated with 0, 0.5, 0.75 or 1.0 mM H 2 O 2 and incubated at 30°C for 24 h. The optical density at 600 nm (OD 600 ) of the culture was determined every 20 min and plotted in relation to time. Shown here is the number of hours it took for each culture to reach an OD 600 = 0.4. dation in H 2 O 2 -treated cells. Lysosomal proteases such as cathepsin D appear to facilitate death in certain mammalian cell death models [12, 45] . Here, however, yeast and tissue culture cells diverge, since it is caspases, not cathepsins, which are responsible for nucleoporin degradation during, for example, staurosporine-induced mammalian cell death (Fig. 7(a) ) [18, [20] [21] [22] [23] [24] [25] . A role for cathepsin D in the progression of apoptosis in tissue culture cells is cell line dependent [12] . Therefore, it remains to be determined if cathepsin D is responsible for the degradation of nucleoporins in the mammalian cell death models that are dependent on cathepsin D activity. Although intriguing, it is unlikely that the degradation of nucleoporins by cathepsin D homologs during cell death is an adaptive process that has been evolutionarily conserved between yeast and mammals.
The permeabilization of mammalian lysosomes and plant vacuoles during cell death is well documented [12] [13] [14] [15] [16] 45, 46] . One model postulates that the permeabilization of the lysosome (vacuole) is the result of H 2 O 2 reacting with luminal stores of iron through Fenton chemistry to generate hydroxyl radicals [12, 14, 39] . We showed that leakage of vacuolar Pep4p-EGFP into the cytoplasm of H 2 O 2 -treated yeast cells is probably sufficient to provide the protease the access it needs to attack its nucleoporin substrates. The release of Pep4p-EGFP from the vacuole is not due to the complete breakdown of the vacuolar membrane, since the vacuolar lumen continues to appear morphologically distinct from the cytosol (Fig. 6(c) ). Likewise, during mammalian apoptosis the lysosomal membrane shows only a partial increase in permeability and does not completely rupture [reviewed in [12] ].
The fact that nucleoporin degradation does not occur until after cell viability is lost does not rule out a significant biological role for the process. It is possible for adaptive processes to occur after cells are inviable. In the case of yeast, the degradation of proteins by vacuolar proteases within a dying cell might increase their availability as nutrients to the cellÕs kin. In this regard, what matters is whether the dying or dead cellÕs kin can benefit from these nutrients more than other yeast populations or species, not whether proteolysis occurred before or after the cells became inviable. There is no adaptive advantage for the evolution of such a process unless the kin of the dead cells gain an advantage over other populations or species. During chronological aging in yeast it has been proposed that some cells undergo cell death as a means to conserve or provide nutrients for surviving closely related neighbors [6, 47] . However, there is currently no experimental evidence to support the hypothesis that kin selection of any type (nutritional or otherwise) has led to the evolution of a genetic cell death program in yeast.
We have learned more about the sequence of events that occur during H 2 O 2 -induced yeast cell death. During an early phase of cell death ROS levels and NE permeability increase, while cell viability drops. Subsequently, ROS levels decline, the vacuolar membrane becomes permeable and Pep4p-dependent proteolysis of nucleoporins and other select proteins (Nab2p) occurs. Finally, late in cell death the plasma membrane becomes permeable and general proteolysis occurs. In our hands, vacuolar proteases in yeast do not appear to play an important role in signaling oxidative stress-induced cell death, since cell death is neither blocked nor delayed in pep4D cells. In mammalian cells not all forms of apoptosis require the activity of lysosomal proteases [12] . Therefore, it will be interesting to determine if vacuolar proteases are critical for signaling events controlling yeast cell death caused by other inducers. Finally, increases in NE permeability occur during cell death processes in both yeasts and mammalian cells. The molecular mechanism(s) responsible for disrupting the permeability barrier of the NE during cell death remains unknown, but has the potential to provide insight into both the progression of apoptosis and the mechanism of NPC gating. 
